In humans, about 180 L of primary urine is produced from plasma containing about 10 kg of protein. Strikingly, only about 1 g of the protein (0.01%) passes the glomerular filtration barrier of the kidney.
The filter is comprised of at least three layers, each of which is essential for its integrity. An empirical mathematic description of the characteristics of the filter has been developed previously ("two-pore" or "heteroporous model"). 1, 2 However, apart from a few studies, electrical effects have been ruled out thus far in most of the studies. 3 The glomerular filtration barrier bears electrostatic charge and shows not only sizebut also charge-selective properties. 4 -7 Thus far, the glomerular filter has been considered to act as a passive filter (similar to a coffee filter). An active filtration process, on the other hand, generates an additional force, which helps to clear the retentate from the filter continuously during the filtration process.
In this work, an effort was undertaken to experimentally test whether filtrationdependent potential differences are generated across the glomerular filtration barrier. Necturus maculosus (common mudpuppy) was chosen as a model organism because its glomeruli and glomerular capillaries are large enough for micropuncture analysis (about 500 and 50 m, respectively; Figure 1 , A-D). To allow direct control of the glomerular perfusion pressure, the Necturi were perfused with a physiologic perfusion solution as described previously. 8 A glass microelectrode was placed into a glomerular capillary. A second microelectrode was placed into Bowman's space of the same renal glomerulus, and the anatomic position was verified by lissamine green injection ( Figure 1 , E and F; Supplemental Movies 1 and 2). When the perfusion pressure was increased, an immediate increase in the electrical potential difference could be measured that was directly proportional to the perfusion pressure in 10 of 10 experimental animals ( Figure 2 , A and B). The potential difference was generated without temporal delay and was entirely reversible when decreasing the perfusion pressure to baseline levels.
The potential difference was consistently positive within the glomerular capillary lumen and negative in Bowman's space. The polarity was confirmed by measurements with reversed anatomical locations of the potential and reference microelectrodes ( Figure 2C ). No perfusion pressure-dependent potential difference could be measured if both microelectrodes were placed within Bowman's space ( Figure 2D ). The potential difference almost entirely vanished if the reference microelectrode was placed just outside of Bowman's capsule ( Figure  2E ). Control experiments excluded artifactual tip potential or pressure-or flowinduced potential differences ( Figure  2F ). To confirm the polarity of our measurements, classical streaming potentials were generated in an in vitro setup using the identical configuration of our amplifier system. Under these conditions, the predicted polarity was consistently recorded, i.e., positive behind a negatively charged filter (data not shown). Similarly, the predicted polarity was recorded when generating Donnan potentials in an in vitro two-chamber system separated by a semipermeable membrane. On average, the potential difference increased by 0.45 Ϯ 0.16 (SD) mV/100 cm H 2 O increase in perfusion pressure (Figure 2G): i.e., a potential difference of approximately 0.09 mV at a physiologic perfusion pressure of 20 cm H 2 O.
To test whether the potential difference could be abolished by interfering with the fixed anionic charges of the glomerular filter, three animals were perfused with the cationic polymer protamine ( Figure 2H ). During the first 100 seconds, perfusion with protamine reduced the amplitude of the filtration-dependent potential. After about 150 seconds, a potential difference could no longer be detected. Because dislocation of the microelectrodes was the most likely reason for the disappearance of the potential difference, two more glomeruli were micropunctured in each animal, and still no potential difference could be detected ( Figure 2H4 ). By transmission electron microscopy, the ultrastructure of the glomerular filtration barrier was not affected by protamine perfusion (Figure 2 , I and J, same animal as in H).
In this work, we provided experimental evidence for the existence of electrical potential differences of approximately Ϫ0.045 mV/10 cm H 2 O perfusion pressure in Necturus across the glomerular filtration barrier. In addition, we showed that the potential differences are generated by filtration. The forced passage of an ionic solution across the electrostatically charged mechanical barrier separates charged particles, generating a streaming potential. 9, 10 However, in Necturus, the filtration-dependent potential exhibited a polarity opposite to that observed in simple in vitro channels with a negatively charged surface. The physical phenomenon called "charged reversal" or "overcharging" [11] [12] [13] [14] [15] [16] [17] [18] could be one of several possible physical mechanisms to explain why the negatively charged glomerular filter shows the electrokinetic characteristics of a positively charged filter. "Charge reversal" may occur if additional soluble counter ions (e.g., cations) are bound to the negatively charged filter walls by forces other than electrical interactions (e.g., chemical interactions) and thus change the apparent (i.e., the elec- D) . (H) Effect of protamine on the filtration-dependent potential difference. After micropuncture of a glomerulus, the correct position of the microelectrodes was verified by lissamine injection (data not shown) and detection of the filtration dependent potential difference (H1 and H2). Subsequently, protamine was added to the perfusate (arrowhead). A filtration dependent potential difference was detectable for up to 100 seconds with decreasing amplitude (H3). After Ͼ150 seconds, no filtration-dependent potential difference could be measured in this and at least two additional glomeruli (H4). (I) By transmission electron microscopy, the microanatomy of the Necturus glomerular filtration barrier was unaffected after perfusion with protamine (E, endothelial cell; P, podocyte; BS, Bowman's space). (J) Higher magnification of the Necturus filtration barrier (same animal as in H and I). The endothelial cells form cellular processes and multiple pores to allow filtration to occur (arrowhead). The space (glomerular basement membrane) between the podocyte foot processes (arrow) and endothelial cells is wider than in the mammalian glomerulus and filled with loose extracellular matrix, which also contains type 1 collagen (electron-dense fibers) (P, podocyte primary process; BS, Bowman's space).
BRIEF COMMUNICATION www.jasn.org trokinetic) charge of the filter walls to a net positive charge. However, in a complex biologic barrier, such as the glomerular filtration barrier, multiple physical and chemical effects likely contribute to the generation of streaming potentials, and our understanding of these complex phenomena is far from complete.
Other effects such as a Donnan potential are predicted to form across the glomerular filtration barrier as a result of the high protein concentration within the blood against the low protein concentration within the primary urine. The Donnan potential is a secondary phenomenon occurring only after a lowprotein primary filtrate has been formed, it is not directly dependent on filtration pressure, and it is orientated into the opposite direction as the filtration-dependent potential difference observed in Necturus. Therefore, Donnan potentials are predicted to modify the potential difference across the filtration barrier but cannot be the relevant physical effect for the observed potential difference. The fact that the potential difference could be abolished by the cationic polymer protamine supports the notion that (nonclassical) electrokinetic mechanisms are relevant for its generation.
It remains to be determined whether potential differences of only Ϫ0.02 mV are sufficient to induce significant electrophoretic fluxes that alter the permeability of the filter to albumin. We refer to the Supplemental Data, where we propose a mathematical hypothesis to consider among others. The mathematical model of the filter includes electrokinetic effects for the first time. These calculations showed that relatively small potential differences (0.02 to 0.05 mV) are sufficient to effectively prevent albumin from passing into the primary filtrate. Note that potential differences of the same order of magnitude (0.045 mV/10 cm H 2 O) were measured experimentally in Necturus.
Virtually all macromolecules of the plasma are electrically charged and thus will be influenced by the electric field of the filtration-dependent potential difference. Because most of the plasma proteins are negatively charged (http://www.expasy.ch/swiss-2dpage/), they will be electrophoresed out of the filter back into the blood. This amount of protein cannot be removed from the filter by metabolic or cellular processes, which do not have a high capacity.
In our hands, mammalian glomeruli were too small for direct potential measurements. Nevertheless, filtration-dependent potentials likely are also generated in the mammalian kidney. (1) In an isolated perfused mammalian kidney, the sieving coefficient of albumin was observed to depend inversely on filtration pressures, 19 which is consistent with a filtration-dependent potential difference in our model. (2) Other experiments in isolated perfused mammalian kidneys are also consistent with our hypothesis. When the pH of the perfusate in an isolated perfused kidney was lowered to 4.0, albumin permeability increased Ͼ10-fold 20 to a value similar to those in the absence of electrophoretic forces. At pH 4, the electronegative charges of plasma albumin (isoelectric point ϭ 4 to 5) and of the glomerular filtration barrier are at least partially neutralized, and thus, albumin in the glomerular filter would no longer be expected to be moved backward into serum by electrophoresis. Vice versa, at pH 8.75, the sieving coefficient of albumin decreased further, suggesting consistently that electrical effects are increased at this pH. Similarly, in other experiments, neutralizing the negative electrostatic charges of the glomerular filter with protamine (or other polycations) or reversing the charge of albumin by cationization increased the glomerular permeability to albumin. 20 -22 However, in all of the above-described experiments, other electrical effects likely also play an important role. Changes in the pH will modify the effective pore radius of the charged glomerular filter and thus mediate similar changes of the albumin sieving coefficient as discussed elsewhere. 23 At this point, it is not possible to differentiate between the two effects.
Our findings are also compatible with other, partially unexplained characteristics of the glomerular filtration barrier. First, patients with orthostatic proteinuria excrete about 1 g of protein per day in the upright position but not when supine. This proteinuria is the consequence of a drop in renal perfusion pressure and thus in the GFR in the upright position. 24 In experiments, proteinuria was prevented when the legs were compressed in the upright position, and vice versa, when obstructing venous blood returning from the legs with a tourniquet, renal perfusion dropped and patients were proteinuric in the supine position. Our theory provides the first pathophysiologic explanation for this condition, because it implies that the drop in the GFR in the upright position results in a decrease of the filtration-dependent potential difference and thus in significant proteinuria.
Second, the essential requirements for the generation of a filtration-dependent potential difference are conserved in all animal species that form glomeruli, down to the most "primitive" vertebrates. The entire filtering surface is covered with interdigitating podocyte foot processes, allowing filtration to occur homogenously ( Figure 3, A and B) . The model proposed here implies that a potential difference is only generated where filtration occurs. Therefore, filtration must occur across the entire filter. Remarkably, even the podocyte cell bodies are submerged in the primary urine-a unique feature of these cells. If podocyte cell bodies sat flat on the capillary surface, filtration and separation of charge would be prevented, but because the glomerular filter remains electrically conductive, the potential difference should be short-circuited immediately underneath and around the podocyte cell bodies, resulting in low-grade proteinuria at this specific site ( Figure 3C , dotted arrows). Most glomerular diseases with significant proteinuria are associated with fusion of the podocyte foot processes and podocyte cell bodies to sit flat on the outer capillaries. In minimal change nephrotic syndrome, ubiquitous foot process effacement is the only, yet striking, histologic abnormality, leading to a complete breakdown of the potential difference and to nephrotic range proteinuria. Our hypothesis thus provides an explanation for the pathogenesis of nephrotic range proteinuria and also for the loss of charge selectivity in this glomerulopathy ( Figure 3D ).
CONCISE METHODS
All chemicals were purchased from either Sigma-Aldrich (Taufkirchen, Germany) or Merck (Darmstadt, Germany) or as indicated in the text. Standard methodologies, such as electron microscopy studies, were performed as described. 25, 26 
Micropuncture Experiments in Necturus
Adult male Necturi obtained from Nasco (Fort Atkinson, WI) were kept in aquaria with tap water at 19°C. All kidney perfusion experiments were carried out as described 8 and were approved by Landesamt für Natur, Umwelt und Verbraucherschutz NordrheinWestfalen 50.203.2-AC 7, 44/06, Germany. In short, the Necturi were anesthetized by immersion in 0.66 g/L tricaine methanesulfonate (MS222). Abdominal organs were exposed by incising both flanks and cutting the medial flap of the body wall (and ventral abdominal vein) between ligatures. The aorta was cannulated proximal to the kidneys with a polyethylene cannula (inner diameter of 0.6 to 0.8 mm) and perfused from a reservoir at a pressure of 20 cm water column (i.e., 3.6 ml/min; 8.2 ml/min at 80 cm). The perfusate contained 90 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl 2 , 0.5 mM MgCl, 5 mM Hepes, pH 7.4, 5.5 mM glucose, 0.5% bovine serum albumin fraction V (Roche, Mannheim, Germany), and 2% hydroxyethyl starch (Fresenius Kabi, Bad Homburg, Germany) and was bubbled with 100% O 2 . Fifty milligrams of protamine was used for each animal. Outflow was established by an incision in the postcaval vein. Adequate perfusion was checked during experiments by monitoring the flow rate with a drop counter and postcaval vein outflow rates. In addition, lissamine green B dye was given at intervals into the perfusion solution line to visualize kidney and glomerular perfusion ( Figure 1D ).
Micropuncture of glomerular capillaries, Bowman's space, or the periglomerular space was performed by two microelectrodes controlled by micromanipulators. Borosilicate glass micropipettes were filled with perfusion solution (outer tip diameter of 5 to 10 m; resistance, 30 to 50 M⍀), stained with lissamine green B, and connected by Ag/AgCl electrodes to the amplifier (Turbo TEC-05X or EXT-02F amplifier and the CellWorks Lite 5.1 software, NPI Electronics, Tamm, Germany). Before micropuncture, electrode offset was performed in perfusion solution applied to the kidney surface. The position of the microelectrode was verified by short pressure-driven boluses of lissamine green B-stained perfusion solution from the pipette (Figure 1 , E and F; Supplemental Movies 1 and 2).
Mathematical estimations and figures were generated using Prism 4 for Mac, Adobe Photoshop CS, Illustrator CS, and Adobe 6.0 professional software.
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